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Introduction
The importance of a ferric chelate reductase (FC-R) in Fe acquisition by plant roots was recognized since the original work by Brown and co-workers (Chaney et al. 1972) , which showed the existence of an obligatory Fe reduction step from Fe(III) to Fe(II) prior to uptake in the roots of dicotyledonous plants. The increase in the capacity to reduce Fe(III) is considered an integral part of the so-called Strategy I, that involves a number of mechanisms resulting in an improvement in Fe acquisition in Fe-deficient dicots and non-Poaceae monocots (Marschner et al. 1986 , Welkie and Miller 1993 , Marschner and Römheld 1994 . The increase in the capacity to reduce Fe(III) in Fe-deficient plants is thought to be caused by one or several plasma membrane (PM)-bound FC-R enzyme(s) (Bienfait 1985 , Cakmak et al. 1987 , Bienfait 1988 . These FC-R enzymes (Rubinstein and Luster 1993, Moog and Brüggemann 1995) would reduce chelated Fe(III) present in the root/soil interface to Fe(II) which then can be transported into the root.
However, Fe acquisition from the soil phase is not the only limiting step in Fe utilization by plants. After plants acquire Fe it must be transported to its sites of utilization all over the plant. Since most (up to 80%) of the leaf Fe is located in the chloroplast, to arrive at its final destination most of the Fe must cross several biological membrane systems. The characteristics of this multi-step internal transport system are still largely unknown, although there is evidence in the literature suggesting that some steps in the internal transport system may be impaired by Fe deficiency itself. For instance, it is well known that in many cases leaves from field-grown Fe-deficient plants have total Fe concentrations similar to those of control, Fe-sufficient leaves (Abadía 1992) . This may suggest that, when Fe-deficient, part of the Fe acquired from the soil by the FC-R could be immobilized and accumulated in inactive forms somewhere in the leaf (Morales et al. 1998) . Therefore, more information is needed on the fine characteristics of the different steps in the Fe transport systems, and also on the changes induced in those systems by Fe deficiency.
Few data are available in the literature on how Fe enters the leaf cell. Iron is commonly assumed to be transported in the xylem as Fe(III)-citrate complexes (Tiffin 1966) , and has been proposed to be reduced at the leaf cell PM by a FC-R similar to that of the root PM (Moog and Brüggemann 1995) . The existence of a mesophyll FC-R related to Fe uptake and capable of using Fe(III)-EDTA and Fe(III)-citrate as substrates was first demonstrated in Fe-sufficient and deficient leaves of Vigna unguiculata (Brüggemann et al. 1993) . de la Guardia and Alcántara (1996) confirmed the presence of a mesophyll FC-R, reducing Fe(III)-EDTA, in Helianthus annuus. In the latter case, it was shown with vacuum-infiltrated leaf disks that Fe deficiency did not change the activity of the FC-R on a leaf area basis, although the biochemical characteristics of the FC-R enzyme were not investigated.
Vacuum infiltration has been used in plant species where removing the epidermis is difficult. However, incubation under vacuum can cause modifications of the mesophyll tissue metabolism. For instance, this procedure would remove to a large extent CO 2 and O 2 , therefore eliminating two major pathways for the dissipation of reducing power produced by the photosynthetic electron transport chain. Therefore, vacuum infiltration would likely cause an over-reduction of the mesophyll tissue. Methods less invasive, such as those involving the removal of the epidermis, are therefore preferable when possible. When using peeled leaf disks, however, there are different sources of Fe(III) reduction. The first is the FC-R enzyme(s) present in the cell wall and plasma membrane of the mesophyll cells. A second source is constituted by those compounds released (leaked or excreted during incubation) from the mesophyll cells and the broken cells at the disk edge. A third source is the pool of membranes and organelles in broken cells at the disk edge, that are exposed to the medium and still capable of performing enzymatic reactions normally carried out in the cytoplasm.
The aim of this paper was to investigate the characteristics of the FC-R activities of mesophyll tissue from Fe-sufficient and -deficient sugar beet (Beta vulgaris L.). We used as substrates Fe(III)-citrate and Fe(III)-malate, two of the most likely carriers for Fe in the xylem, and the synthetic chelate Fe(III)-EDTA. We measured the total Fe(III) reduction carried out by leaf mesophyll disks devoid of the epidermis or incubated after vacuum infiltration. The effects of light and Fe deficiency on the mesophyll FC-R activity was measured at different pH values. The extent of the photochemical reduction of Fe(III)-chelates was also measured. Finally, we have tried to estimate separately several sources of Fe(III) reduction. The kinetics of the Fe(III) reduction caused by mesophyll cells and broken cells at the leaf disk margins has been also measured.
Materials and Methods

Plant material
Sugar beet (B. vulgaris L. hybrid Monohil, Hilleshög, Landskröna, Sweden) plants were grown in a growth chamber. Seeds were germinated and grown in vermiculite for 2 weeks. Seedlings were grown for two more weeks in half-strength Hoagland nutrient solution with 45 mM Fe and then transplanted to 20 liter buckets (four plants per bucket) containing half-strength Hoagland nutrient solution with 0 or 45 mM Fe. Iron was added as NaFe(III)-EDTA (Sigma, St. Louis, MO, U.S.A.). In buckets with no Fe added the pH of the nutrient solution was raised with 1 mM NaOH and 1 g liter -1 of solid CaCO 3 to simulate conditions usually found in the field that lead to Fe deficiency; this treatment led to a constant pH of 7.7 throughout the 10-12 d growth period (Susín et al. 1994) . Plants were grown with a PPFD of 350-400 mmol m -2 s -1 at 25°C, 80% relative humidity and a photoperiod of 16 h light/8 h dark. Plants were used for measurements 1 week after transferring the plants to a Fe-free nutrient solution. Young, rapidly expanding leaves were used for all measurements. All chlorotic leaves sampled had no green veins, and showed a homogeneous color throughout the leaf.
Pigment analysis
Chl concentration per area was estimated non-destructively by using a SPAD portable apparatus (Minolta Co., Osaka, Japan). To calibrate the SPAD, leaf disks were first measured with the SPAD, then frozen in liquid N 2 , extracted with 100% acetone, and the extracts were analyzed spectrophotometrically (Abadía and Abadía 1993) . Control leaves were chosen with SPAD values larger than 30 (300 mmol Chl m -2 ), whereas leaves from Fe-deficient plants were chosen with SPAD values of approximately 8 (60 mmol Chl m -2 ).
Fe(III)-chelates
Fe(III)-EDTA was purchased from Sigma (St. Louis, MO, U.S.A.). Fe(III)-citrate and Fe(III)-malate were prepared by dissolving FeCl 3 in citric acid-KOH or malic acid-KOH, pH 6.0, to give a final stock of 5 mM Fe at the acid : Fe ratios desired (5 : 1 and 25 : 1 for citrate:Fe and malate:Fe, respectively). These organic anion : Fe ratios lead to maximal FC-R activities with sugar beet leaf PM preparations (González-Vallejo et al. 1999) .
Ferric chelate reductase activity of leaf disks
The rates of Fe(III) reduction by leaf mesophyll disks were determined spectrophotometrically at 562 nm by measuring the formation of the Fe(II)-PDTS complex from Fe(III)-EDTA, Fe(III)-citrate or Fe(III)-malate, using an extinction coefficient of 27.9 mM -1 cm -1 (Cowart et al. 1993 ).
Preparation of leaf disks
Mesophyll disks were excised with a disk borer. Disks were obtained from intact leaves with epidermis ( Fig. 1A) and from leaf pieces where the abaxial (lower) epidermis had been peeled off (Fig.   1B ). The excision protocol produced a disk edge where broken cell membranes were exposed to the medium (Fig. 1C) . Removal of the epidermis exposed more than one layer of mesophyll cells to the medium (Fig. 1B) . In a few cells (less than 1% of total cell number; arrow in Fig. 1B ) removal of the epidermis caused the rupture of the cell wall and plasma membrane and internal organelles were also exposed to the medium. Two mesophyll disks (0.64 cm 2 each) were incubated in 30 ml glass vials with 10 ml of assay solution containing Fe(III)-chelate at different concentrations and 400 mM PDTS. Measurements were made in darkness or with red light illumination at different pH values. Light was obtained from a halogen lamp located above the samples, and was filtered with a red plastic filter (l >600 nm) and through 2 cm of icecold water. Light intensity at the sample level was 100 mmol m -2 s 
De
For obtaining the kinetics, the concentration of Fe(III)-chelate was varied in the range 62.5 to 2000 mM. In the experiment comparing three reduction protocols (see below) the concentrations of chelates used were 100 and 500 mM.
Estimates of the total reduction capacity, T r , were made by using disks obtained from leaf pieces where the abaxial epidermis had been peeled off (method A I ). A modification of method A I (method A II ) included a 30-min washing step with fresh assay medium. A vacuum infiltration protocol (method B), similar to that used by de la Guardia and Alcántara (1996) , was carried out by using leaf disks with epidermis, first washed for 30 min with 0.5 mM CaSO 4 , 50 mM KH 2 PO 4 and 1 mM KCl and then infiltrated with the same assay medium under vacuum (1700 Pa, Schött vacuum dessicator, 19 cm in diameter, 10 cm high) with Fe(III)-chelate at the desired concentration and 400 mM PDTS for 20 min. Vacuum was removed and re-applied 10 min after the start of the incubation.
Blanks without leaf disks were always run under the same conditions with Fe(III)-chelates in the presence of PDTS, to estimate the extent of photochemical reduction. For comparison with those of mesophyll, photochemical reduction rates were expressed on a leaf area basis by using the volume/leaf area ratio used in the disk incubation experiments. Mesophyll reduction rates presented in the paper are always net, after subtracting the corresponding measured rates of photochemical reduction. Data were expressed on a leaf area basis, by using only the area of the abaxial side. The FC-R activity found when the assay solution containing Fe(III)-EDTA and PDTS was placed directly for 20 min on the surface (adaxial or abaxial) of undamaged leaves was negligible. Also, no measurable FC-R activity was found with isolated leaf epidermis (not shown).
Sources of Fe(III) reduction
Not all of the total reduction by leaf disks originates from reduction at the mesophyll cells (R em ) exposed by the removal of the epidermis (Fig. 1B) . A part of the total Fe(III) reduction activity is due to the release to the incubation media of cell contents due to cell mechanical damage at the edges of the mesophyll disks (R lc ; Fig. 1C ). Also, cell organelles, such as chloroplasts (Bughio et al. 1997 , Mori 1998 , mitochondria, etc., when exposed de novo, either at the disk edge (Fig. 1C ) or in some mesophyll cells open during epidermis removal (Fig. 1B) , may reduce Fe(III)-chelates enzymatically (R ec ). Finally, a part of the total Fe(III) reduction activity is associated with reducing compounds released by mesophyll cells exposed to the media after the removal of the epidermis (R lm ).
The procedures to measure or estimate the different sources of Fe(III) reduction are described in Table 1 . Total Fe(III) reduction obtained from leaf disks where the abaxial epidermis had been peeled off (T r ) was the sum of the four possible components R em , R ec , R lm and R lc . The total Fe(III) reduction of leaf disks with epidermis was taken as the sum of the only two components associated to the leaf disk edge, R ec and R lc . The extent of reduction from released (excreted and/ or leaked) compounds was measured by incubating leaf disks in the assay solution lacking Fe(III)-chelates and PDTS, removing the disks, adding Fe(III)-chelates and PDTS to the assay medium and finally measuring the Fe reducing capacity of the medium, which contained the reducing compounds released from the mesophyll tissue. These rates of reduction will correspond to R lc when disks with epidermis were used and the sum of R lc and R lm for disks without epidermis (Table 1 ). The true enzymatic activity from intact mesophyll cells was then calculated as R em = T r -R ec -R lm -R lc . Assays were done in all cases at the average pH found in sugar beet apoplast (pH 6.0; López-Millán et al. 2000) and at Fe(III)-chelate concentrations from 62.5 to 2000 mM.
Fig. 1
Scanning electron micrograph showing the leaf epidermal surface (A), the exposed mesophyll cells after removal of the epidermis (B) and the disc excision edge in a leaf disk with epidermis (C). The arrow in B indicates a mesophyll cell broken during the epidermis removal step. The arrow in C indicates the cut disk edge. All micrographs are from abaxial surfaces of control sugar beet leaves.
Organic anion analyses
With the volume to leaf area ratio used in the reductase experiments the amount of organic acids in solution was too low to permit adequate quantification. Therefore, we incubated eight mesophyll disks (0.64 cm 2 each) in 1 ml of basic assay medium for 60 min, disks were then removed and the assay solution was filtered through a 0.2 mM Millipore filter. Samples were analyzed immediately by HPLC with a 300´7.8 mm Aminex ion-exchange column (HPX-87H, BioRad Laboratories, Hercules, CA, U.S.A.) with a HPLC Waters system, including a 600E pump, a 996 photodiode array detector and the Millennium 2010 software. Samples were injected with a Rheodyne injector (20 ml loop). Mobile phase (8 mM sulfuric acid) was pumped with a 0.6 ml min -1 flow rate. Organic anions were detected at 210 nm. Peaks corresponding to oxalate, cis-aconitate, citrate, 2-oxoglutarate, malate and fumarate were identified by comparison of their retention times with those of known standards from Bio-Rad Laboratories (Hercules, CA, U.S.A.) and Sigma (Saint Louis, MO, U.S.A.). Spectral analysis of the peaks was used to confirm their identification. Quantification of the released amounts of each organic anion per leaf area was made with known amounts of each compound using peak areas.
Electron microscopy
Electron microscopy was performed on leaf disk sections fixed in 2.5% glutaraldehyde in 0.1 M Na cacodylate buffer (pH 7.4) for 2 h at room temperature, 20 h at 4°C and then washed three times in the same buffer and twice in ultrapure water. After dehydration in acetone series, samples were critical-point dried, gold-palladium coated and viewed at 10 kV in a LEO 430 (LEO Electron Microscopy Ltd., Cambridge, U.K.) scanning electron microscope.
Results
Iron reduction by mesophyll disks with three different protocols
Three protocols were used to measure the FC-R activity of illuminated leaf mesophyll disks. Measurements were carried out with unwashed, peeled disks (protocol A I ), washed, peeled disks (protocol A II ) and vacuum-infiltrated, unpeeled disks (protocol B). The highest FC-R rates were obtained with A I , followed by A II and then B (Fig. 2 ). This occurred with both Fe-sufficient and Fe-deficient leaf disks using 100 mM (data not shown) and 500 mM Fe(III)-EDTA ( Fig. 2A) , Fe(III)-citrate (Fig. 2B) and Fe(III)-malate (Fig. 2C) . Controls with unpeeled disks treated with a protocol otherwise similar to A I were also carried out and gave much lower reduction values (see Table 3 below). Also, controls with peeled disks infiltrated under vacuum were carried out and gave similar results (Fig. 3A-C) . At the optimal pH values, light increased the FC-R rates of Fe-deficient mesophyll disks 5-, 2-and 4-fold with Fe(III)-EDTA, Fe(III)-citrate and Fe(III)-malate, respectively.
With control disks light-induced increases were 6-fold with Fe(III)-EDTA and 9-fold with Fe(III)-citrate and Fe(III)-malate ( Fig. 3A-C) .
In the light the FC-R rates of Fe-sufficient mesophyll disks depended on the pH of the assay medium (Fig. 3A-C) , whereas in Fe-deficient disks the optimal pH were less marked. The pH optima found for control disks were different for the three chelates tested. Maximal reduction rates for Fe(III)-EDTA (0.57 nmol Fe reduced cm -2 min -1 ) were found at pH 6.0 (Fig. 3A) . For Fe(III)-citrate the pH optimum was 6.2 ( Fig. 3B) , with a maximal FC-R activity of 0.90 nmol Fe reduced cm -2 min -1 , and for Fe(III)-malate the optimum was pH 6.7 (Fig. 3C) , with maximal reduction rates of 0.87 nmol Fe reduced cm -2 min -1
. When Fe reduction was carried out in darkness, pH dependence was not observed in control or Fedeficient mesophyll disks (Fig. 3A-C) .
Iron deficiency decreased markedly the FC-R rates in the light when expressed on a leaf area basis (Figs. 2, 3A-C) . Decreases in the FC-R rates with Fe deficiency were approximately 55% for Fe(III)-malate and Fe(III)-EDTA and 80% in the case of Fe(III)-citrate. Conversely, Fe deficiency had only small effects on the dark FC-R rates, which were similar to those found with control mesophyll disks (Fig. 3A-C) .
When expressed on a Chl basis, however, Fe deficiency increased the FC-R rates of illuminated mesophyll disks (Table  2) . Rates increased approximately 2.7-fold with Fe(III)-EDTA, In darkness, Fe-deficient mesophyll disks also reduced more Fe than the controls when data were expressed on a Chl basis (4-to 5-fold, Table  2 ). The apparent increases in reduction rates with Fe-deficient disks on a Chl basis are likely to be due to their very low Chl content (leaf disks had 360 and 60 mmol Chl m -2 in the Fesufficient and Fe-deficient disks, respectively; Table 2 ).
Photochemical reduction of Fe(III)-chelates
Photochemical reduction of Fe(III)-EDTA was approximately 10% of the total mesophyll reduction (Fig. 3D) . When expressed on a leaf surface basis, photochemical reduction in the absence of leaf material was equivalent to a maximum of 0.05 nmol Fe reduced cm -2 min -1 at pH values lower than 6.5 (Fig. 3D) (Fig. 3F ). Photochemical reduction of Fe(III)-citrate in the absence of leaf disks, however, was much higher than those of Fe(III)-EDTA and Fe(III)-malate, and was in the same order of magnitude as the reduction due to leaf mesophyll disks (Fig. 3E) . The rate of reduction was dependent on pH, with a maximum of approximately 1 nmol Fe reduced cm -2 min -1 at pH 6.2.
Sources of reduction of Fe(III)-chelates
Reduction of Fe(III)-chelates by compounds released from the leaf edge (R lc ) did not show enzymatic kinetics. With 500 mM Fe(III)-EDTA, R lc accounted for approximately 7 and 9% of the total Fe(III) reduction by illuminated Fe-sufficient and Fe-deficient mesophyll disks, respectively (Table 3) . R lc accounted in Fe-sufficient and Fe-deficient mesophyll disks for approximately 12 and 34% of the total reduction with Fe(III)-citrate and for 17 and 9% with Fe(III)-malate (Table 3) .
Reduction of Fe(III)-chelates by compounds released from the leaf mesophyll surface (R lm ) was also non-enzymatic. With 500 mM Fe(III)-EDTA R lm accounted for approximately 22 and 12% of the total Fe(III) reduction by illuminated Fe-sufficient and Fe-deficient mesophyll disks, respectively (Table 3) . R lm accounted in Fe-sufficient and Fe-deficient mesophyll for approximately 6 and 14% of the total reduction with Fe(III)-citrate and for 4 and 23% with Fe(III)-malate.
The Fe(III) reduction activity associated to the disk edges (R ec ) had enzymatic kinetics with the three chelates tested. This accounted for approximately 47 and 41% of the reducing activity of Fe-sufficient and deficient leaf disks, respectively, with 500 mM Fe(III)-EDTA ( Therefore, in illuminated control and Fe-deficient mesophyll disks at pH 6.0 and 500 mM Fe(III)-EDTA the largest Fe reduction source was the enzymatic reduction by the leaf disk cut edge (R ec ), followed by the enzymatic reduction of the mesophyll (R em ) and the reduction due to compounds released by the mesophyll (R lm ) and the disk edge (R lc ) (Fig. 4) . Under the same conditions but with Fe(III)-citrate R em was always the largest component. In control disks this was followed by R ec , R lc and then R lm , and in Fe-deficient disks the order was R em >R lc >R lm >R ec ( Fig. 4) . With Fe(III)-malate the relative importance was R em >R ec >R lc >R lm for control disks and R em >R ec >R lm >R lc for Fe-deficient disks (Fig. 4) .
Reduction of Fe(III)-EDTA by oxalate
Organic anions released by Fe-deficient mesophyll disks were mainly oxalate, citrate and malate, with minor amounts of cis-aconitate, 2-oxoglutarate and fumarate (Table 4) . When using Fe-sufficient mesophyll disks organic acids found were mainly oxalate and malate, with small amounts of citrate and 2-oxoglutarate (Table 4) .
Solutions containing only oxalate, the major organic anion released from Fe-sufficient and Fe-deficient mesophyll disks, were able to reduce Fe(III)-EDTA in the light (Table 5) . Pure oxalate, at concentrations similar to those released during incubation by mesophyll disks, was able to reduce approximately 0.18 and 0.06 nmol Fe cm -2 min -1 , values similar to those found with media where leaf disks had been incubated. 
Kinetic characteristics of the Fe(III)-chelate reductase
Michaelis-Menten kinetics were found for T r , R em and R ec for Fe-deficient and control disks and all three chelates tested ( Table 6 ). The K m values for total mesophyll reduction (T r ) did not show significant differences for Fe(III)-EDTA and Fe(III)-citrate between the treatments, whereas for Fe(III)-malate a higher affinity was found for Fe-deficient mesophyll disks. The V max for the total reduction decreased with Fe deficiency (Table  6) .
For the estimated true mesophyll enzymatic reduction (R em ) K m values showed a different picture: with Fe(III)-EDTA affinity was higher in Fe-deficient mesophyll disks, in contrast to Fe(III)-citrate and Fe(III)-malate which showed higher affinities in Fe-sufficient mesophyll disks. The R em V max decreased with Fe deficiency (Table 6 ).
For the estimated enzymatic activity at the disk edge (R ec ), the highest affinities were found for Fe(III)-citrate. With Fe(III)-EDTA affinity was higher under Fe deficiency, whereas with Fe(III)-malate a lower K m value was found under sufficient Fe supply. The R ec V max decreased with Fe deficiency (Table 6 ). It should be mentioned that when using Fe(III)-citrate constants should be taken with care, since r values obtained are very low. This is possibly due to sucessive errors introduced in calculation of R ec . In the case of citrate errors may be larger because raw values had to be corrected for very high photochemical reduction values.
Discussion
The rates of Fe(III) reduction by sugar beet illuminated Table 4 Amounts of organic acids (in mmol cm -2 leaf area) excreted by Fe-sufficient (+Fe) and Fe-deficient (-Fe) sugar beet mesophyll disks (mean±SE of four measurements)
In parenthesis the corresponding organic anion concentrations (in mM) in the assay medium for the volume/leaf area ratio used in the reductase experiments.
a ND = not detected. Table 6 Enzymatic characteristics of the total reduction, the true mesophyll reduction (R em ) and the disk edge reduction (R ec ) estimated from data shown in Table 3 Constants were calculated with the Eadie-Hofstee method. K m and V max values are in mM and nmol Fe reduced cm -2 min -1 , respectively. Data are the mean of 6-9 measurements. leaf disks were dependent on the methodology used. We compared our method using peeled leaf disks with a method using vacuum infiltration that has been used before for the same purposes (Brüggemann et al. 1993, de la Guardia and Alcántara 1996) . Method A I (unwashed mesophyll disks without epidermis) gave the highest Fe reduction rates, followed by method A II (washed mesophyll disks without epidermis) and then method B (vacuum-infiltrated leaf disks with epidermis). Methods A I and A II differ only in a brief washing step and, therefore, differences found must arise from the removal of reducing compounds released from the broken cells at the disk edge. The fact that rinsing removes more Fe reduction activity with Fe(III)-citrate and Fe(III)-malate than with Fe(III)-EDTA suggests that the reducing compounds released from the broken cells at the disk edge reduce better natural chelates than the synthetic Fe-chelates. A possible explanation could be the existence of a soluble ferric citrate reductase (Sparla et al. 1999) . The low reducing rates found with method B (vacuuminfiltrated leaf disks with epidermis) indicate that removal of the epidermis is crucial to measure high mesophyll reduction rates in plant species where this procedure is feasible. The sugar beet mesophyll Fe(III) reduction activity was markedly light-dependent. The increase in FC-R activity with light was dependent on the Fe(III)-chelate used, and was in the ranges 2-to 5-fold and 6-to 9-fold with Fe-deficient and control mesophyll disks, respectively. These increases were similar to those found before in leaf pieces of Vigna unguiculata (3-fold; Brüggemann et al. 1993 ) and sunflower (10-fold; de la Guardia and Alcántara 1996), but smaller than those found with isolated sugar beet protoplasts (35-fold; González-Vallejo et al. 2000) .
Iron-deficient and Fe-sufficient sugar beet mesophyll disks were able to reduce Fe(III)-malate and Fe(III)-citrate. Fe(III)-malate has been recently reported to be reduced by kiwifruit leaf disks (Rombolà et al. 2000) and isolated PM from sugar beet leaves (González-Vallejo et al. 1999 ). Higher FC-R rates with Fe(III)-citrate than with Fe(III)-EDTA were also found in mesophyll disks of V. unguiculata (Brüggemann et al. 1993) . The finding that Fe(III) malate can be efficiently reduced by mesophyll tissue could be crucial to understand the physiology of Fe-deficient plants. In sugar beet, the concentration of citrate and malate in the xylem sap increase 26-and 14-fold, respectively, by comparison to the controls (López-Millán et al. 2000) .
Photochemical reduction of Fe(III) occurred with the three Fe(III)-chelates tested. In the case of Fe(III)-malate and Fe(III)-EDTA photochemical reduction rates accounted for less than 10% of the total reduction. However, the photochemical reduction rates for Fe(III)-citrate were similar or even higher than the mesophyll reduction rates. This supports the hypothesis that photochemical reduction of Fe(III)-citrate in stems and leaves may occur during Fe transport to the leaves, as it was suggested by Bienfait and Scheffers (1992) . This process would be potentially more important in those plant organs that are more exposed to a high PPFD, such as the leaf lamina. Furthermore, this process would be more likely in leaves with low Chl concentration. In low-Chl, Fe-deficient leaves of sugar beet, pear and peach even the lower layers of cells in the leaf are exposed to a relatively high PPFD, that may be as high as 20-40% of the incident PPFD (Morales et al. 1991 .
The optimal pH for the sugar beet mesophyll FC-R activity was in the range 6.0-6.7, a pH commonly found in the apoplastic space of sugar beet leaves (López-Millán et al. 2000) . These values are lower than those found previously for optimal FC-R activity in leaf PM isolated from sugar beet (González-Vallejo et al. 1999) and V. unguiculata (Brüggemann et al. 1993) . Optimum pHs for the leaf mesophyll FC-R activity with Fe(III)-citrate were 7.6-6.8 in Valerianella locusta, 6.9-6.7 in Prunus persica and 6.2-5.8 in B. vulgaris (Grünewald 1996) . It has been suggested that the FC-R enzyme could have a strict pH regulation (Mengel 1995) , and that the increase in apoplastic pH induced by Fe deficiency would lead to the inactivation of the enzyme, preventing Fe uptake by the mesophyll cells and producing the accumulation of Fe in the apoplast (Kosegarten et al. 1999) . Our data indicate, however, that decreases in Fe(III) reduction activity would occur only at very high pH values, which have not been detected so far in the apoplast of Fe-deficient leaves (López-Millán et al. 2000) .
Our results support that Fe deficiency causes a marked decrease of the FC-R activity in sugar beet on a leaf area basis. This is in good agreement with the decrease in FC-R activity on a protoplast surface basis found in isolated sugar beet protoplasts (González-Vallejo et al. 2000) . Previous data indicated that Fe deficiency did not increase leaf mesophyll FC-R activity on an area basis in V. unguiculata (Brüggemann et al. 1993) and decreased leaf FC-R activities by 40% on a fresh mass basis in sunflower (de la Guardia and Alcántara 1996) and in vacuum-infiltrated leaf disks of kiwi (Rombolà et al. 2000) . Therefore, there is no evidence so far of any Fe deficiencymediated induction of the FC-R activity in leaves, conversely to the strong induction of that enzyme in the roots of the same plants (Schmidt 1999) .
Ferric chelate reductase activities have usually been expressed on a Chl basis because of the light dependence of the reductase. Activities on a Chl basis found in the present work increased with Fe deficiency approximately 3-fold with Fe(III)-EDTA and Fe(III)-malate and 2-fold with Fe(III)-citrate. When activities are expressed on a Chl basis, Fe deficiency has been reported to cause 3-, 6-, 16-and 4-fold increases in the mesophyll FC-R activity of V. unguiculata, Valerianella locusta, Prunus persica and B. vulgaris leaf pieces (Brüggemann et al. 1993 , Grünewald 1996 , and only small (5%) increases in H. annuus leaf disks (de la Guardia and Alcántara 1996).
The FC-R activities of leaf disks were lower than those obtained with protoplasts isolated from similar leaves (González-Vallejo et al. 2000) . Under illumination, using Fe(III)-EDTA as Fe source and at optimum pH, the V max of control and Fe-deficient sugar beet protoplasts were 0.11 and 0.17 nmol Fe reduced nmol -1 Chl min -1
, respectively (calculated from González-Vallejo et al. 2000) , whereas under the same conditions the V max for the total reduction of control and Fe-deficient sugar beet were 0.03 and 0.07 nmol Fe reduced nmol -1 Chl min -1 , respectively (calculated from data in Table  6 ). This indicates that the maximum reducing capacity (i.e. that obtained with protoplasts) is never attained with leaves, possibly because of limited accessibility of the solution to the whole surface of the plasma membrane.
The K m reported in this work for the mesophyll FC-R (114-545 mM) are within the same order of magnitude of those found in previous works. In V. unguiculata, the mesophyll FC-R activity had a higher apparent specificity for the natural substrate Fe(III)-citrate (K m 49-56 mM) than for the synthetic chelate Fe(III)-EDTA (K m 226 mM) (Brüggemann et al. 1993 ). In the same work, it was reported that Fe deficiency did not change the K m for Fe(III)-citrate. Grünewald (1996) Our data show that the measurement of FC reduction by leaf mesophyll disks included not only the true enzymatic reduction at the surface of the mesophyll cells, but also reduction arising from several other sources. In fact, true enzymatic mesophyll reduction was only 24-66% and 38-47% of the total rates in Fe-sufficient and Fe-deficient leaf disks, respectively. Mesophyll cells are also able to reduce Fe-chelates non-enzymatically by the release of reducing components, which can account for 6-23% of the total reduction, depending on the source of Fe. This was shown by the lack of Michaelis-Menten kinetics, and was probably related to compounds released to the solution such as oxalate (Table 5 ). The presence of compounds capable to reduce Fe(III) in the medium where leaf pieces had been incubated has been reported previously (Abadía et al. 1984, Mehrotra and Gupta 1990) .
As leaf disks always contain edges, two other sources, immanent to the method, were found, which cannot be avoided when leaf disks are used. Enzymatic reduction at the edge of the disks (Fig. 1C) , which had a surface equivalent to only approximately 16% of the abaxial surface, accounted for 30-47% of the total reduction with Fe(III)-EDTA and Fe(III)-malate and for 6-16% with Fe(III)-citrate. This activity indicates that there is a strong enzymatic activity at the leaf disk margins with some Fe sources, likely due to organelles exposed to the medium at the disk cut edge (Fig. 1C) . Possibly this could be caused by chloroplasts (Bughio et al. 1997 , Mori 1998 ) and other organelles. Although this does not occur with Fe(III)-citrate, the apparent affinity of the FC-R associated to the leaf edges with this substrate was much higher than that found to be associated with the true mesophyll activity. Furthermore, disk edges also showed a release of reducing compounds accounting for 7-34% of the total reduction.
The multi-component origin of the Fe(III)-chelate reduction by leaf mesophyll disks is a serious constraint that strongly suggests leaf disks should only be used when every different reduction source is estimated. In our case, however, the effect of Fe deficiency on the V max was similar for the total reduction and the true mesophyll enzymatic reduction. The estimation of the kinetic characteristics could be also affected by the multicomponent origin. For instance, low K m values for the disk edge enzymatic reduction would contribute to decrease the K m estimated for the total reduction.
